In this study, metal films are fabricated by using an in-line reactive direct current magnetron sputtering system. The aluminum?titanium (AlTi) back contacts are prepared by changing the pressure from 10 mTorr to 25 mTorr. The optical, electrical and structural properties of the metal back contacts are investigated. The solar cells with the AlTi had lower contact resistance than those with the silver (Ag) back contact, resulting in a higher fill factor. The AlTi contact can achieve a solar cell conversion efficiency as high as that obtained from the Ag contact. These findings encourage the potential adoption of AlTi films as an alternative back contact to silver for silicon thinfilm solar cells.
Introduction
Silicon thin-film solar cells have received much attention, and appear to be promising alternatives to crystalline silicon solar cells, which are dominant in photovoltaic power generation. The main benefits of silicon thin-film solar cells over crystalline silicon solar cells are cost-effective fabrication, compatibility with various flexible substrates, reliable large-area module encapsulation, low temperature coefficient, very low weight per unit power and aesthetic design for building integrated photovoltaic applications [1] [2] [3] . To achieve silicon thin-film solar cells with high short circuit currents and conversion efficiencies, the incident light has to be efficiently scattered and diffracted. Conventional solar cells normally achieve light trapping with three methods, a textured front surface, a highly reflective rear reflector and an antireflection coating [4] [5] [6] . Silver (Ag) is the conventional metal for back reflectors, but its drawbacks are high price, low adhesion and agglomeration behavior [7] [8] [9] . Therefore, researchers are searching for a cheaper alternative. Aluminum (Al) is a good candidate owing to its low price and good adhesion [10] , but it has lower reflectance and conductivity than Ag. Metallic impurities such as titanium (Ti), chromium and vanadium can be added to the Al films to improve the thermal stability, conductivity and ohmic contact [11] [12] [13] [14] . For this purpose, aluminum-titanium (AlTi) film, which is 1/100 of the cost of Ag, is proposed as a back contact for p-i-n silicon thin-film solar cells. The AlTi thin films are prepared by a direct current (DC) magnetron sputter system. The effects of sputtering pressure on the optical and electrical properties of AlTi films are investigated. Finally, the performance of the solar cells with the AlTi back contact is compared to the device with the traditional Ag contact.
Experimental Details
The AlTi and Ag films were prepared on glass substrates by an in-line reactive DC magnetron sputtering system (LJ UHV Technology Co., Ltd., Hsinchu, Taiwan). The composition of the AlTi target was 99 wt% Al and 1 wt% Ti. The base pressure of the deposition chamber was 5 × 10 −7 Torr; the DC power was 200 W; the argon (Ar) gas flow rate was 20 sccm, and the substrate was at room temperature. The dependence of the sputtering pressure changing from 10 mTorr to 25 mTorr on the properties of the sputtered AlTi films was investigated. The structure of the a-Si:H thin-film solar cell was glass/fluorine-doped tin dioxide (SnO 2 :F)/p-a-Si:H/i-a-Si:H/n-a-Si:H/(gallium, Al)-doped zinc oxide (GAZO)/metal back contact. The GAZO was deposited by radiofrequency (RF) magnetron sputtering with a thickness of 80 nm. The p-, i-and n-a-Si:H layers, with a total thickness of 288 nm, were deposited by a plasma-enhanced chemical vapor deposition. The contact resistance between back contact and GAZO was measured using the transmission line model (TLM) method [15] [16] [17] . The optical reflectance of the films was measured with an ultraviolet-visible spectrophotometer (UV-VIS, Hong-Ming Technology Co., Ltd., Taipei, Taiwan). The refractive index was determined by a spectroscopy ellipsometry. The electrical resistivity was measured using a four-point probe method. The cross-section microstructure of the solar cells was examined by a scanning electron microscopy (SEM, JEOL Ltd., Tokyo, Japan). Finally, the current-voltage (I-V) characteristics and external quantum efficiency (EQE) of the devices were measured by a solar simulator under AM1.5G (100 mW/cm 2 ) conditions. Figure 1a shows the optical reflectance of the AlTi films prepared at different pressures. The reflectance of the AlTi films decreases as the pressure increases from 10 mTorr to 25 mTorr. The average reflectance at wavelengths of 400-800 nm at 10 mTorr is 89.8%, which is about 7% lower than that of the Ag film. The reflectance in the short wavelengths should have insignificant effects on the solar cell performance, since the light will be nearly absorbed before reaching the rear contact. For long wavelengths (650-800 nm), the AlTi films have a reflectance of around 85%-88%, while the Ag film has a reflectance of around 97%. The lower reflectance of the AlTi films at higher pressure can be explained by more collision among sputtered atoms and argon ions, lowering the density of the sputtered films [18] . This is also reflected by the measurement of the refractive index, as shown in Figure 1b . The AlTi film at 10 mTorr has the highest refractive index value, indicating that it has the densest film structure.
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where Rt denotes the total resistance between any two contacts (of width W) separated by a distance d, and RSH is the sheet resistance of the GAZO film. Rc can be obtained from the y-axis interception. Figure 3 shows Rc as a function of the sputtering pressure, where Rc increases with the increasing pressure. The minimum Rc at 10 mTorr is 3.0 × 10 −3 , which is lower than that (7.84 × 10 −3 Ω) using Ag/GAZO. The contact resistance can be associated with the work function () of the metal films and the adhesion at the contact interface. As the metal films are responsible for collecting electrons in a device, they require a work function close to or smaller than the electron affinity of the GAZO films [19] . The Ag ( = 4.26 eV) and AlTi ( = 4.28 eV) films are all available with work functions lower than GAZO ( = 4.45 eV) to achieve the n-type ohmic contact. Consequently, the adhesion factor, rather than the work function, might be the reason for the lower contact resistance of the AlTi film compared to the Ag film. Figure 4 shows the I-V curves of the solar cells with AlTi back contacts prepared at different pressures. Table 1 The contact quality between the metal and semiconductor device is important when considering an electrode material. In this work, the back electrode is covered on the GAZO, so the contact resistance R c between these two layers is determined by using the TLM method with the following equation [19] :
where R t denotes the total resistance between any two contacts (of width W) separated by a distance d, and R SH is the sheet resistance of the GAZO film. R c can be obtained from the y-axis interception. Figure 3 shows R c as a function of the sputtering pressure, where R c increases with the increasing pressure. The minimum R c at 10 mTorr is 3.0 × 10 −3 Ω, which is lower than that (7.84 × 10 −3 Ω) using Ag/GAZO. The contact resistance can be associated with the work function (Φ) of the metal films and the adhesion at the contact interface. As the metal films are responsible for collecting electrons in a device, they require a work function close to or smaller than the electron affinity of the GAZO films [19] . The Ag (Φ = 4.26 eV) and AlTi (Φ = 4.28 eV) films are all available with work functions lower than GAZO (Φ = 4.45 eV) to achieve the n-type ohmic contact. Consequently, the adhesion factor, rather than the work function, might be the reason for the lower contact resistance of the AlTi film compared to the Ag film.
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Conclusions
In this study, low-cost AlTi films as the back contact of p-i-n silicon thin-film solar cells are prepared. The films achieved a high average reflectance of 90% in the wavelength range of 400-800 nm, and a low resistivity of 7.9 × 10 −6 Ω-cm could be obtained. The optimal AlTi back contact has a short-circuit current density of 13.7 mA/cm 2 , which is slightly lower than the 13.93 mA/cm 2 obtained from the Ag back contact. However, the AlTi back contact has a fill factor of 0.71, which is higher than the 0.68 for the Ag back contact. Thus, the AlTi back contact performs as well as the Ag back contact. In conclusion, AlTi metal alloys are a promising alternative to Ag metal as a back contact for silicon thin-film solar cells. The AlTi back contact can achieve low cost and high efficiency. Future work will examine the use of AlTi for high-efficiency Si-based tandem solar cells.
